In order to detect differences between various multiple forms of γ-glutamyltransferase, the activation energy was measured. In the serum of patients with liver diseases, activation energy was measured. In the serum of patients with liver diseases, activation engergy of the serum enzyme is higher than in normal individuals (41.9 ±1.2 vs. 38.9 + 1.5 kJ/mol, p < 0.05). Neuraminidase treatment resulted in a reduction of activation energy. Various multiple forms of serum γ-glutamyltransferase, as prepared by lectin affinity chromatography (concanavalin A, Ricinus communis I and II, wheat germ agglutinin) showed activation energy differences between binding and nonbinding fractions. Similar results were observed in seminal plasma γ-glutamyltransferase, when patients with accessory gland infection were compared with a reference population. Our results suggest that the activation energy depends upon differences in the carbohydrate part of the enzyme. The low γ-glutamyltransferase activation energy of tissue extracts increased significantly after butanol extraction and was then comparable with serum activation energy values, which suggests that lipid-binding is a factor in activation energy variation. In most cases, γ-glutamyltransferase activities measured at a certain temperature can be easily converted to a corresponding activity at another temperature, but in severe liver disease significant errors may be introduced when simple temperature conversion factors are used.
Introduction
perature conversion factors are commonly used to γ-Glutamyltransferase (EC 2.3.2.2) is a membrane-convert enzyme activities from one temperature into bound enzyme, present in many fiuman organs (1) . another. In contrast to many other enzymes γ-glutaSerum γ-glutamyltransferase activity, however, is ac-myltransferase has no typical isoenzymes (genetically cepted to be mainly of hepatic origin and serum γ-determined differences in protein structure). Variaglutamyltransferase activity determinations are com-tions in the carbohydrate part of the enzyme and monly used in clinical chemistry as a sensitive marker especially differences are mainly due to an increased for hepatic damage. Human seminal fluid also con-activity of glycosyltransferases and the uptake of tains large quantities of the enzyme and γ-glutamyl-serum γ-glutamyltransferase by hepatic receptors, transferase activity measurements are used for follow-Both factors are affected by liver disease (6) . Also ing prostatic function (2) . In the routine clinical lab-macromolecular γ-glutamyltransferase forms have oratory, the activation energy of the γ-glutamyltrans-been noticed, in which the enzyme is attached to ferase reaction is assumed to be constant and tern-lipoproteins (7) or even entire membrane fragments (8) . Activation energy of an enzyme can be obtained by measuring the rate of the enzymic reaction at two different temperatures. Activation energy values of enzymes can be altered by small variations in molecular structure, as shown for creatine kinase (9, 10) .
In the present study, the activation energy of γ-glutamyltransferase from various sources was measured very accurately and variations in the activation energy of the enzymes were correlated with the clinical diagnosis of the patients and compared with the structural variation of the enzyme.
Materials and Methods

Patients
Activation energy of γ-glutamyltransferase was determined in a group of apparently healthy blood donors, all with normal serum γ-glutamyltransferase activities (n = 20; 10 males, 10 females; age 36.8 ± 11.4y) and in a group of patients with various liver and. pancreatic diseases with elevated serum γ-glutamyltransferase activities (> 100 /1, 25 °C) (n = 20, 11 males, 9 females; age 54.3 + 12.9 y). Reference urine material was taken from healthy laboratory staff members (n = 5). Seminal plasma, obtained from men (n = 6) without clinical or laboratory signs of accessory gland infection, served as a reference for seminal plasma activation energy values. This group was compared with a group of 6 patients with proven accessory gland infection. Tissue extracts of liver, pancreas, kidney, prostate, vesiculae seminales, and brain were obtained during autopsy and prepared according to Seiffert (11) . Blood was obtained by venipuncture and was allowed to clot at room temperature for a least 10 min. Serum was obtained after centrifugation (10 min, 1300g). Methods γ-Glutamyltransferase activity was determined according to Szasz using L-y-glutamyl-3-carboxy-4-nitroanilide as a substrate (12) with commercial reagents from Merck (Darmstadt, FRG). Activation energy (E act) of γ-glutamyltransferase was calculated according to the Arrhenius equation
The standard temperature interval for determination of the apparent activation energy was 298.14-308.14 K (25.00 -35.00 °C). The activation energy was assayed with the apparatus as described by Hagelauer (l 3), consisting of a Beckman spectrophotometer DU-7 (Beckman Instruments, Irving, CA, USA), equipped with an ultrasound thermostat (Huber K ltemaschinen, Offenburg, FRG). An 80 SDT professional matrix computer (Mostek, Neuhausen-Fildern, FRG) was used for the control of the temperature and evaluation of the kinetic data. Concanavalin A, Ricinus communis I and II, and wheat germ agglutinin lectins covalently bound to Sepharose 4B gel were obtained from E&Y Laboratories (San Mateo, CA, USA). Lectin affinity chromatography of γ-glutamyltransferase was performed according to a modification of the method of K ttgen (8) with a start and equilibration sodium acetate buffer of 0.1 mol/1 (pH 6.0, 1.0 mmol/I CaCl 2 , 1.0 mmol/1 MgCl,, 1.0 mmpl/1 MnCl 2 , 1.6 mmol/1 NaN 3 , 5g/l Triton X-100). Neuraminidase from Clostridium perfringens, α-L-fucosidase from beef kidney, methyl a-Z)-mannoside, D-galactose and N-acetyl glucosamine were from Sigma (St. Louis, Mo, USA). All other chemicals were of analytical grade from Merck (Darmstadt, FRG). Neuraminidase (EC 3.2.1.18) treatment was performed by adding 0.5 ml of serum to an equal amount of acetate buffer (0.1 mol/1, pH 6.0) containing 10 mU of neuraminidase and incubating the sample for 16 hours at 37 °C. Butanol extraction was performed according to Beck (14) .
Statistical analysis f
Statistical analysis was carried out by means of the Wilcoxon test. Correlation analysis was performed by means of a Spearman test (rank correlation coefficient).
Results
Temperature interval
Arrhenius plots for γ-glutamyltransferase activation energy were shown to be linear in the temperature interval between 15 °C and 35 °C. For further measurements, activation energy was calculated from activities obtained at 25 and 35 °C. Repeated cycles of dissipation of ultrasound energy (7 χ 75 J/cm Comparative data on γ-glutamyltransferase activation energies from various butanol-extracted tissues and body fluids are summarized in table 1. The activation energy of serurn and seminal plasma γ-gl tamyltransferase of patients with liver diseases or accessory gland infection was significantly higher (p < 0.05) compared with the references. Neuraminidase treatment of both tissue extracts and body fluids does not significantly change the activation energy. Differences in the activation energy of serum γ-glutamyltransferase were further studied in a group of patients with elevated serum γ-glutamyltransferase activities and suffering from various liver diseases. Table 2 depicts serum γ-glutamyltransrcrasc enzyme activity and activation energy in these groups of pa-Tab. 1. Activation energy (E act) of γ-glutamyltransfcrase from various tissues and body fluids before and after neuraminidasc treatment. Tissue extracts were obtained after butanol extraction procedures. Reference population 20 38.9 ± 1.5 16 ± 7 * Mean ± SD χ ρ < 0.05, patient group compared with reference population. tients, in comparison with a reference population. In all types of liver pathology studied, except extrahepatic obstruction, the activation energy of serum γ-glutamyltransferase was significantly higher (p < 0.05) than in the reference population. Total serum γ-glutamyltransferase activity and activation energy were shown to be independent (Spearman rank correlation coefficient of 0.226). When following the activation energy during the course of neuraminidase treatment (16h, 25 °C) of pathological serum samples, a nearly linear decrease of activation energy of γ-glutamyltransferase was observed, until substrate depletion was reached. Figure 1 shows the time course of the effect of neuraminidase treatment of these samples (10 mU, 0.5 ml serum) on γ-glutamyltransferase activity. In contrast to neuraminidase treatment, digestion of γ-gtutamyltransferase with fucpsidase did not result in significant changes in the activation energy of these samples. In the group of patients with accessory gland infection, activation energy values were found to be significantly higher (p < 0.05) as compared with the reference group (41.5 ± 0.5 vs 40.8 ± 0.8 kJ/mol). Neuraminidase treatment of seminal plasma γ-glutamyltransferase showed similar results to those obtained for serum γ-glutamyltransferase.
Lectin affinity chromatography
By means of lectin affinity chromatography towards concanavalin A, two groups of γ-glutamyltransferase multiple forms can be separated: a non-binding (sialic acid rich) and a binding (sialic acid poor) form. Sialic acid-rich fractions were found to have significantly higher (p < 0.05) γ-glutamyltransferase activation energy values. Serum and seminal plasma γ-glutamyltransferase froms with an affinity towards both galactose recognizing lectins (Ricinus commimis lectins I and II) showed lower activation energy values than the fractions which were not retained by these lectins. Analogous results were obtained with the N-acetylglucosamine specific wheat germ agglutinin. Table 3 summarizes the results of serum and seminal plasma γ-glutamyltransferase activation energy determinations of binding and non-binding fractions obtained by lectin affinity chromatography towards concanavalin A, Ricinus communis lectins I and II, and wheat germ agglutinin.
Effects of lipids on the activation energy of γ-glutamyltransferase
Comparison of results of γ-glutamyltransferase activation energy in serum and tissue extracts before and after butanol extraction are given in table 4. In liver and pancreas tissue extracts, a significant decrease in activation energy values (p < 0.05) was observed, in contrast to kidney extracts and serum which showed comparable values before and after the extraction procedure. Effects of triacylglycerols were studied by adding a serum pool with poor γ-glutamyltransfer se activity (4 U/l) containing 12.1 mmol/I = 10.6 g/1 of triacylglycerols to γ-glutamyltransferase-rich serum (585 U/l) with a low triacylglycerol (0.64 mmol/1 = 560 mg/1) content. After this treatment, no significant changes were observed in activation energy. Effects of LDL (beta)-cholesterol were evaluated by adding LDL-rich serum (LDL-cholesterol 7.5 mmol/1 = 2900 mg/1, γ-glutamyltransferase 10 U/l) to serum obtained from a patient with hypobetalipoproteinaemia (LDL-cholesterol 0.98 mmol/1 = 380 mg/1, γ-glutamyltransferase 45 U/l). LDL-cholesterol did not significantly influence the activation energy values of γ-glutamyltransferase.
Discussion
The values for the activation energy, as determined with the present technique, are somewhat higher than those cited earlier in the literature (15) . Similar differences were obtained when the activation energies of creatine kinase (10) and other enzymes (13) were measured with this technique. In contrast to conventional techniques, ultrasound heating permits the terminal equilibrium to be reached very rapidly and accurately. When the enzyme activities are measured, temperature variations are within 0.03 K. This accurate temperature control is required to achieve a precision of 2 kJ/mol or less (which is a necessity when relative small differences like the ones observed in γ-glutamyltransferase are studied). In the various normal tissue samples studied, no significant differences in γ-glutamyltransferase activation energy were np-ticed. The observed values correspond well with the serum γ-glutamyltransferase values obtained in the reference population. In the patients with liver disease, higher values of the γ-glutamyltransferase activation energy are found. These results suggest a dissociation between catalytic activity and mass concentration of the enzyme. Similar results have been observed, making use of radioimmunoassay techniques in patients with liver disease (16) . The lowering of the activation energy obtained after neuraminidase treatment suggests that the presence of sialic acid can be regarded as a steric hindrance for the active site of the enzyme. This result is confirmed by the finding of lower activation energies in sialic acid-poor forms of γ-glutamyltransferase, obtained by concanavalin A chromatography. In normal individuals, the relative binding capacity towards concanavalin A columns is almost 100%. In liver disease, serum γ-glutamyltransferase gets more sialylated (4, 5) , resulting in a decreased binding of γ-glutamyltransferase. Hypersialylation of γ-glutamyltransferase can be regarded as a mechanism for increasing the activation energy of γ-glutamyltransferase. The linear plot observed when neuraminidase was allowed to digest the terminal sialic acid residues suggests that the decrease in activation energy is correlated with the amount of sialic acid present on the molecule, so the differences in activation energy obtained after neuraminidase digestion (ranging from 0.8 to 5.5 kJ/mol) are proportional to the amount of sialic acid attached to the molecule. After neuraminidase treatment, however, differences between the various γ-glutamyltransferase samples are still present, suggesting that the activation energy is also influenced by factors other than sialic acid content. The differences observed between the γ-glutamyltransferase activation energies from the samples obtained by chromatography against the other lectins (Ricinus communis lectin I and II, wheat germ agglutinin) suggest that the activation energy depends partly upon differences in galactose and hexosamine content. These results are in agreement with recent studies (6, (17) (18) (19) (20) showing differences in the galactose, hexosamine and fucose content of the γ-glutamyltransferase carbohydrate chain between normal and pathological samples, especially in patients with malignant diseases. The biochemical nature of these effects is however very complex, because changes caused by increased activities of glycosyltransferase acting on proximal parts of the carbohydrate chain induce secundary changes on more distal regions. Similar changes are observed in seminal fluid γ-glutamyltransferase, which is also characterized by a variation in its carbohydrate part (19) .
Serum γ-glutamyltransferase activation energy is not affected by changes in VLDL and LDL concentration. In tissue extracts however, butanol extraction increased the activation energy values, suggesting that the membrane-bound γ-glutamyltransferase is characterized by lower activation energy values than the serum enzyme. γ-Glutamyltransferase from butanolextracted tissue samples shows activation energy values comparable with the ones obtained for the serum enzyme. From a clinical point of view, activation energy measurements show significant differences between normal and pathological samples, but do not allow differential diagnosis of liver disease. As the information obtained by activation energy measurements partly overlaps with total γ-glutamyltransferase activity, the determination of γ-glutamyltransferase activation energy is not a suitable technique for routine clinical chemical purposes. When comparing total γ-glutamyltransferase activities measured at 25 and 37 °C, errors due to variations in activation energy are usually small, as a difference of 1 kJ/mol corresponds to an error of only 1.8%. Significant errors can arise only in samples with very aberrant activation energies of γ-glutamyltransferase, which occur in severe liver diseases. When measuring enzyme activities of various multiple forms however, e. g. in severe liver disease, results obtained at 25 and 37 °C may differ as much as 10% because of differences in activation energy.
